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Previous studies in the chick embryo have shown that sensory neurons fail to innervate muscle in the absence of motor
neurons. Instead, motor neuron deletion causes more sensory axons to project to the skin. We used this experimental
paradigm to determine when sensory neurons are specified to become proprioceptive afferents. Experimental embryos were
treated with either saline or exogenous neurotrophin-3 (NT-3) to promote the survival of proprioceptive afferents. In
saline-treated embryos, motor neuron deletion caused an increase in sensory neuron apoptosis on the deleted side, an effect
reversed by NT3. Motor neuron deletion also eliminated the sartorious muscle nerve, as previously reported. In NT3-treated
embryos, this altered nerve pattern was accompanied by the enlargement of the adjacent cutaneous nerve. These embryos
were further analyzed by using immunohistochemistry for trkC (a receptor for NT3) retrograde and transganglionic labeling.
Our results show that, following motor neuron deletion, more trkC afferents project in cutaneous nerves on the deleted
side of NT3-treated embryos. Transganglionic labeling demonstrated that at least some of these neurons made spinal
projections that are typical of proprioceptive afferents. These results therefore indicate that the proprioceptive phenotype
is specified prior to target innervation and that these neurons can retain their identity despite projecting to inappropriate
(cutaneous) targets. © 2002 Elsevier Science (USA)
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Dorsal root ganglia are composed of many functionally
distinct types of sensory neurons that supply different
peripheral targets and make correspondingly distinct pat-
terns of central connections within the spinal cord. For
example, the vast majority of sensory neurons innervate
cutaneous targets and form connections within the super-
ficial layers of the dorsal horn. In contrast, a quantitatively
smaller population of proprioceptive neurons supply the
specialized sense organs of muscles. Proprioceptive neurons
include afferents that innervate muscle spindles (group Ia
and group II) and Golgi tendon organs (group Ib). Proprio-
ceptive afferents form connections within more ventral
layers of the spinal cord; muscle spindle afferents form
monosynaptic connections with motor neurons in the ven-
tral horn, and both muscle spindle and Golgi tendon affer-
ents form connections within the intermediate zone. In
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All rights reserved.addition, muscle spindle afferents are known to form strong
connections only with motor neurons that innervate the
same or synergistic muscles but not with motor neurons
that innervate antagonistic muscles (reviewed by Willis and
Coggeshall, 1991). Thus, different populations of sensory
neurons have distinct identities that can be defined on the
basis of their central and peripheral connections.
The mechanisms responsible for the generation of sen-
sory neuron diversity are not fully understood. However,
there is strong evidence that the peripheral targets of
sensory neurons can influence their phenotype during de-
velopment. Experimental studies in developing frogs (Frank
and Westerfield, 1982; Smith and Frank, 1987) and chicks
(Wenner and Frank, 1995) have demonstrated that the
identity of sensory neurons is dependent on their peripheral
targets. For example, if DRG that normally have few
proprioceptive afferents are allowed to innervate limb
muscles, these ganglia contain many muscle spindle affer-
ents that form synapses with appropriate motor neurons.
These results indicate that muscle-derived signals can, in
some way, regulate the both the number of proprioceptive
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neurons and their specific identity as reflected by their
choice of specific synaptic partners. More recent studies
have identified two members of the ETS family of transcrip-
tion factors, ER81 and PEA3, as potential mediators of
selective synapse formation between sensory and motor
neurons. In the chick, these transcription factors are ex-
pressed in nonoverlapping subsets of proprioceptive affer-
ents and their expression appears to be regulated by target-
derived signals (Lin et al., 1998). Moreover, in the mouse,
ER81 is required for sensory-motor synapse formation (Ar-
ber et al., 2000). Although these studies demonstrate that
signals from peripheral targets can influence the identity of
sensory neurons, it is currently unclear whether target-
derived signals act on naive neurons or on neurons with a
partially determined identity.
The number of proprioceptive afferents is regulated by
target-derived neurotrophin-3 (NT3), which is produced in
muscle and acts as a survival factor for these neurons. The
effects of NT3 are mediated by trkC, a member of the trk
family of receptor tyrosine kinases (Ip et al., 1993; Barbacid,
1994; Farin˜as, 1999). Neurotrophin signaling through trk
receptors is required to prevent apoptosis (cell death) in
developing sensory neurons (reviewed by Davies, 1997;
Farin˜as, 1999). Different subpopulations of sensory neurons
depend on different neurotrophins to survive the period of
cell death. Studies using function-blocking antibodies to
deplete target-derived neurotrophins have shown that pro-
prioceptive afferents require NT3 during this period (Oak-
ley et al., 1995), whereas small diameter cutaneous affer-
ents require NGF (Ruit et al., 1992). Similarly, genetic
deletion of members of the trk family of neurotrophin
receptors results in the selective loss of specific DRG
subpopulations. Targeted deletion of trkC eliminates all
limb proprioceptive afferents, while sparing most cutane-
ous afferents (Ernfors et al., 1994; Farin˜as et al., 1994; Klein
et al., 1994; Tessarollo et al., 1994; Kucera et al., 1995; Liebl
et al., 1997). Moreover, the loss of proprioceptive afferents
in NT3-deficient mice can be prevented by muscle-specific
expression of NT3 (Wright et al., 1997). Furthermore, NT3
appears to be a sufficient signal for the development of
proprioceptive afferents. In the chick, exogenous NT3 can
promote the survival and differentiation of these neurons in
the absence of other muscle-derived signals (Oakley et al.,
1997).
Although these studies demonstrate an important role for
muscle-derived NT3 in the development of proprioceptive
neurons, many questions remain concerning the develop-
ment of this system. For example, it is unclear whether
NT3 merely promotes the survival of sensory neurons that
are already determined to become proprioceptive neurons,
or if NT3 signaling is required for these neurons to develop
their differentiated phenotype. Recent experiments in the
chick have shown that a small population of cutaneous
neurons also express trkC and respond to NT3. However,
these neurons do not exhibit spinal projections or connec-
tions that are typical of proprioceptive afferents even after
chronic NT3 exposure. These results indicate that NT3
signaling cannot cause the differentiation of the propriocep-
tive phenotype in neurons with a cutaneous target. They
also suggest that peripheral targets may be selectively
innervated by sensory neurons that already have a partially
determined identity (Oakley et al., 2000).
The initial growth of sensory axons to developing
muscles is known to be dependent on the outgrowth of
motor axons. In the absence of motor outgrowth, sensory
axons fail form muscle nerves (Landmesser and Honig,
1986; Swanson and Lewis, 1986; Scott, 1988; Tosney and
Hageman, 1989; also see Wang and Scott, 1999). In fact,
surgical deletion of motor neurons in the chick results in
enlargement of adjacent cutaneous nerves, suggesting that
the sensory axons that would have normally formed muscle
nerves have been diverted to the skin. Interestingly, the
enlargement of cutaneous nerves is transient; by the end of
the cell death period, cutaneous nerves appear normal in
size (Landmesser and Honig, 1986). However, it is currently
unclear whether these misrouted axons are derived from
proprioceptive afferents or from naive sensory neurons that
have yet to gain an identity. In this report, we have used
this surgical approach in combination with systemic treat-
ment with exogenous NT3 to promote the survival of
sensory neurons with misrouted peripheral axons. Our
results indicate that proprioceptive afferents have a distinct
identity that is determined prior to target innervation and
that this identity is retained despite projecting to a cutane-
ous target. These experiments demonstrate that the pro-
prioceptive phenotype is independent of peripheral target
innervation and suggest that these neurons may become
committed to this fate during early gangliogenesis.
MATERIALS AND METHODS
Embryonic Surgery and Neurotrophin Treatments
Fertile, White Leghorn chicken eggs (Truslow Farms, Chester-
town, MD) were windowed on the third day of incubation (E3, stage
17–19; Hamburger and Hamilton, 1951). Ventral neural tube dele-
tions were performed essentially as described by Landmesser and
Honig (1986). The neural tube was opened at the dorsal midline,
and the ventral third on one side was isolated over several anterior
hindlimb segments (T7–L4) by using sharpened tungsten needles.
The isolated portion of the neural tube was then removed by
aspiration through a broken micropipette (40- to 60-m tip) con-
nected to a picospritzer, which was used to provide controlled
suction. Embryos were then moistened with several drops of sterile
saline containing 100 U/ml penicillin/streptomycin (Life Tech-
nologies, Gaithersburg, MD) and returned to the incubator for
approximately 48 h. Beginning at stage 25–26 (E4.5), when sensory
and motor axons begin to invade limb targets (Honig, 1982; Tosney
and Landmesser, 1985), surviving embryos were treated once daily
with 10 g human recombinant NT3 (Regeneron Pharmecuticals,
Tarrytown, NY) or sterile saline (control) by application to the
chorioallantoic membrane. For the TUNEL analysis of cell death
(see below), embryos received two treatments with NT3 and were
sacrificed on E7 (stage 29–31), which is during the cell death period
for sensory neurons. For retrograde labeling, transganglionic label-
ing and the detection of trk receptors by immunohistochemistry,
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surviving embryos were sacrificed after five to six daily treatments
(E10 and E11). These time points are at the end of the cell death
period and are well after the period when many sensory neurons
switch from trkC expression to trkA expression (Lefcort et al.,
1996; Rifkin et al., 2000; also see White et al., 1996). This
treatment schedule has been shown to prevent the death of trkC
sensory neurons without significantly altering the survival of other
classes of sensory neurons (Oakley et al., 1997, Caldero et al.,
1998).
TUNEL Labeling and Detection of Motor Neurons
The terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) method was used to detect dying cells
within the developing DRG of E7 embryos. Dying DRG cells were
detected in 10-m frozen sections as described (Gavrieli et al.,
1992), except that red fluorescent nucleotides (Alexa-548 dUTP;
Molecular Probes, Eugene, OR) were used to label the fragmented
DNA in cells undergoing apoptosis. TUNEL cells within the
DRG were counted in every fourth section through the second
lumbar DRG (see Figs. 2 and 3). To identify motor neurons in the
same sections, the TUNEL technique was combined with immu-
nohistochemistry by using a monoclonal antibody to p75, the low
affinity nerve growth factor receptor (a generous gift from Dr. W.
Halfter, University of Pittsburgh). In the periphery, this antibody
labels sensory neurons and the processes of both sensory and motor
neurons. Within the spinal cord, the p75 antibody exclusively
labels motor neurons (Henderson et al., 1993; R.A.O., unpublished
observations; see Fig. 1). The p75 supernatant was diluted 1:5 in
blocking buffer (Tris-buffered saline containing: 0.2% Triton
X-100, 1% bovine serum albumin, 1% glycine, and 10% horse
serum). Primary antibody binding was detected by using a biotin-
ylated secondary antibody (1:300 dilution; Vector) and green fluo-
rescent avidin (Alexa-488-streptavidin; Molecular Probes). To de-
termine the extent of the motor neuron deletion, sections through
the first three lumbar segments were labeled.
Retrograde Labeling
E10 embryos (stage 36) were washed in sterile Tyrode’s, decapi-
tated, and eviscerated. The lumbosacral spinal cord and DRG were
exposed by dissecting away the ventral and lateral portions of each
vertebra. Peripheral nerve branches of the crural plexus were
exposed on both sides and the lateral femoral cutaneous (LFC)
nerves were pressure-injected with lysinated rhodamine dextran
(3000 kDa; Molecular Probes; 100 mg/ml in 0.2% Triton X-100)
using broken, thin-walled micropipettes. These preparations,
which included intact ventral roots and attached thighs, were
maintained for approximately 24 h at 32°C in sterile oxygenated
Tyrode’s containing 100 U/ml penicillin–streptomycin as previ-
ously described (Oakley et al., 1995). Following transport, the
preparations were fixed for 18 h in 4% paraformaldehyde at 4°C,
cryoprotected in 30% sucrose, embedded in a 2:1 mixture of 30%
sucrose and OCT (Miles Scientific), and frozen on dry ice. Serial,
10-m frozen sections were cut on a Microm cryostat and collected
on Super-Frost Plus slides (Fisher, Pittsburgh, PA).
trkC Immunohistochemistry and Cell Counts
Immunolabeling for trk receptors was performed as previously
described (Lefcort et al., 1996; Oakley et al., 1997). In some cases,
alternate sections were prepared and labeled by using antibodies to
trkC and trkA (n  5, saline-treated; n  5, NT3-treated). In these
preparations, antibody binding was detected with a biotinylated
secondary antibody and the ABC reagent (Vector; Burlingame, CA).
For combining immunostaining with retrograde labeling, sections
containing retrogradely labeled cells were processed as described,
except that the biotinylated secondary antibody was detected with
an Alexa-488–streptavidin conjugate (Molecular Probes) diluted
1:300 in phosphate-buffered saline (PBS) containing 0.02% Tween
20 and 1% bovine serum albumin. After washing in PBS containing
0.02% Tween 20 (PBST), the sections were mounted in Gel-mount
(Biomedia). Double-labeled cells were examined and counted by
using a dual band-pass filter set (Omega Optical) that permits the
simultaneous detection of both Alexa-488 (green) and rhodamine
dextran (red; see Fig. 4). In addition, because the red fluorescence
tended to be less intense than that of the trkC labeling, the identity
of each sensory neuron was also confirmed by using separate
discriminating filter sets. Retrogradely labeled sensory neurons
were counted in every fourth section and classified as to trkC
expression. The data presented (see Fig. 5) include counts of all
double-labeled sensory neurons in all ganglia that contribute to the
LFC (Honig, 1982).
Assessment of Nerve Diameters
The lateral femoral cutaneous nerves from both sides of NT3-
treated embryos were isolated at E11, fixed, and processed for
frozen sections as described above. Serial 16-m cross-sections
were then stained with a mixture of monoclonal antibodies that
recognize the neural-specific form of -tubulin (TUJ1) and the
Schwann cell marker P0 (1E8). Primary antibody binding was
revealed with a biotinylated secondary antibody and the ABC
reagent (Vector), using DAB as a chromogen. The sections were
then dehydrated, mounted in permount, and photographed. Nerve
diameters were then measured by using the Metamorph image
analysis program (Universal Imaging).
Transganglionic Labeling
The central projections of sensory neurons that project in the
LFC were labeled with, a biotin derivative, Neurobiotin (N;;
Vector) as previously described (Oakley et al., 2000). After prepar-
ing embryos for retrograde labeling as described above, the LFC
nerves on both sides were cut and drawn into fire-polished suction
electrodes containing 5% NB dissolved in 0.2% Triton X-100 with
0.05% fast green. The nerves were held in the electrodes for 1–2 h
at room temperature. The preparations were then washed exten-
sively with sterile Tyrode’s and maintained for approximately 24 h
in oxygenated Tyrode’s as described above. Following transport,
the preparations were fixed in 4% paraformaldehyde, processed for
cryosectioning as described above, and serially sectioned at 16 m.
To reveal the transported tracer, we used the Tyramide Signal
Amplification (TSA) method according to the manufacturer’s in-
structions (NEN, Boston MA). Briefly, sections were rehydrated in
PBS, incubated for 30 min in methanol containing 0.5% H2O2,
washed in three changes of PBST, and incubated for 1–2 h in TSA
blocking buffer. Sections were then incubated in streptavidin–HRP
(1:300) for 2 h, washed five times in PBST, and reacted with biotinyl
tyramide (1:50) for 5 min. Following an additional five washes in
PBST, sections were reacted with Cy3-conjugated Extravidin (1:
300; Sigma, St. Louis, MO) for 1 h, washed in PBST, and mounted
in Gel Mount. All reagents were diluted in TSA blocking buffer.
The composite tracings in Fig. 6 were prepared from enlarged prints
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of six serial 16-m sections. The contrast was inverted and all
labeled fibers were plotted onto a tracing of a single representative
section.
RESULTS
Ventral Neural Tube Deletion Eliminates Most
Motor Neurons and Alters Sensory Projections
Unilateral deletion of the ventral neural tube resulted in
the misrouting of sensory axons away from developing
muscles. In approximately 50% of the embryos examined at
E7 (stage 29–31), the deletion resulted in an obvious reduc-
tion or elimination of muscle nerves. Although many of the
muscle nerves that arise from the anterior hindlimb plexus
were reduced by the deletion, the most consistent alter-
ation was the complete (or nearly complete) loss of the
sartorious muscle nerve. This is likely due to the compact
nature of this motor pool, which lies almost entirely within
L1 and L2 (Landmesser, 1978), at the center of the deletion
site (T7–L4) used here. The altered muscle nerve patterns
described above are thus similar to those previously de-
scribed for anterior neural tube deletions at similar stages of
development (Landmesser and Honig, 1986; Wang and
Scott, 1999). However, these changes in muscle nerve
pattern were only detected in 50% of the embryos exam-
ined, the others having relatively normal nerve patterns.
We therefore sought to confirm the extent of the motor
neuron deletion directly by using an antibody to p75, the
low affinity NGF receptor to detect motor neurons. We
found that those embryos with relatively normal patterns of
muscle nerve development also retained many motor neu-
rons. In contrast, those embryos that had few residual
motor neurons on the deleted side had altered patterns of
muscle nerve development. Figure 1 shows several ex-
amples of experimental embryos in which the deletion was
sufficient to produce altered muscle nerve patterns. As
shown in Fig. 1A, ventral neural tube deletion resulted in
the elimination of many motor neurons on the deleted side.
However, in most cases, at least some residual p75 motor
FIG. 1. Ventral neural tube deletions result in the unilateral
elimination of most motor neurons. Surgical deletion of the ventral
neural tube on one side (right side of each panel) eliminates most
motor neurons on that side as revealed by labeling with antibodies
to p75 in E7 embryos (stage 29–31). In saline-treated embryos (A),
p75 labels only motor neurons (mn) within the ventral spinal cord
on the contralateral side (left). On the deleted side (right), a few
p75 residual motor neurons (r-mn) remain. Dorsal root ganglia
(drg) appeared normal in these preparations, although displaced
ventrally on the deleted side. (B) Treatment with neurotrophin-3
(NT3) did not affect the overall size of the motor column (mn)
either on the contralateral side (left) or on the deleted side (r-mn).
NT3 does cause an increase in the size of the dorsal root ganglia
(drg) at this stage of development (compare with A). In both saline
(C) and NT3-treated (not shown) animals, p75 is expressed by
residual motor neurons (r-mn), even when they are displaced from
the developing motor column. Calibration bar is 100 m; dorsal is
up.
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neurons remained on the deleted side. Treatment with NT3
did not affect the overall size of the motor column on either
the deleted or the contralateral side (Fig. 1B). On the deleted
side, residual motor neurons were readily detected by their
p75 expression, even when they were displaced from their
normal position by the surgery (Fig. 1C).
Figure 1 also illustrates the range of deletions considered
acceptable for the analysis of cell death in sensory ganglia
(see below). For this analysis, p75 staining was used to
estimate the size of the residual population of motor
neurons on the deleted side by comparison with the con-
tralateral side in the first three lumbar segments. Embryos
that retained more than 25% of motor neurons on the
deleted side were rejected. In addition, to ensure that only
embryos with unilateral deletions were included, those
without an intact floor plate were also rejected. Approxi-
mately 50% of the experimental embryos met these criteria
and all of these embryos had altered patterns of muscle
nerve development.
Similar changes in the pattern of muscle nerve develop-
ment were also obvious in later stage embryos (E10–E11;
stage 36–37). Again, approximately 50% of the experimen-
tal embryos examined either completely lacked the sarto-
rious muscle nerve or had a single fine nerve providing
innervation to this muscle. Since the sartorious is normally
a large nerve that provides three major branches to the
muscle, these cases were considered to have substantial
motor neuron deletions. This level of denervation also
resulted in an obvious atrophy of the muscle. At this stage
of development, we relied on these changes in nerve pat-
terns and muscle development to identify embryos with
acceptable motor neuron deletions; those that retained a
relatively normal sartorious nerve and muscle were ex-
cluded from the analysis. NT3 treatment did not apprecia-
bly alter the pattern of nerve growth after motor neuron
deletion, prevent muscle atrophy, or influence the percent-
age of acceptable deletions generated.
In NT3-treated embryos, the reduction or loss of the
sartorious muscle nerve was always accompanied by an
obvious increase in the size of the adjacent cutaneous nerve
(lateral femoral cutaneous nerve; LFC) on the deleted side.
To determine whether motor neuron deletion and NT3
FIG. 2. TUNEL labeling of dying sensory neurons reveals an
increase in cell death due to motor neuron deletion. The TUNEL
technique labels a number of dying cells (red) within the developing
sensory ganglia on E7 (stage 29–31). Antibodies to p75 (green) label
a subpopulation of sensory neurons, mainly within the ventrolat-
eral (VL) region of the DRG. p75 also labels the axons of motor and
sensory neurons in the ventral (VR) and dorsal (DR) roots. (A) On
the contralateral side, a number of TUNEL cells are detected,
mainly in the VL region of each ganglion at this stage of develop-
ment. (B) On the deleted side, there is an obvious increase in the
number of TUNEL cells within the VL region in saline-treated
embryos. (C) In contrast, fewer TUNEL cells are detected on the
deleted side of NT3-treated embryos. For ease of comparison, some
images have been flipped horizontally so that dorsal is up and
medial is to the left for all. Calibration bar is 100 m.
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treatment resulted in a significant enlargement of this
cutaneous nerve, we compared the diameter of the LFC on
the deleted side with that of the contralateral side in
embryos treated with NT3 until E11. Compared with the
contralateral side, the LFC on the deleted side was signifi-
cantly larger in diameter by approximately 20% (P  0.05;
Student’s t test; n  5). There was no obvious enlargement
of this nerve on the deleted side of saline-treated embryos at
this stage of development. These results suggest that motor
neuron deletion misrouted some sensory axons away from
muscle and into adjacent cutaneous nerves as previously
reported (Landmesser and Honig, 1986) and that the sur-
vival of at least some sensory neurons with misrouted
axons was enhanced by the NT3 treatment (see below).
Motor Neuron Deletion Causes an Increase in
Sensory Neuron Apoptosis
The misrouting of sensory axons away from muscle
would be expected to deprive some sensory neurons of
muscle-derived trophic support. To examine the effects of
motor neuron deletion on sensory neuron survival, we used
the TUNEL technique to label sensory neurons that were
dying by apoptosis. When examined on E7 (stage 29–31),
DRG from normal (not shown) and experimental embryos
(Fig. 2) contain many TUNEL-positive cells. During this
early portion of the cell death period, most dying sensory
neurons are located in the ventrolateral (VL) portion of each
ganglion, which contains early differentiating neurons, in-
cluding large diameter muscle afferents (Carr and Simpson,
1978; Oakley et al., 1997). After motor neuron deletion, we
detected an obvious increase in the number of TUNEL-
positive neurons within the VL region of lumbar ganglia on
the deleted side of saline-treated embryos (compare Fig. 2A
with 2B). This increase in dying sensory neurons was
reduced by systemic treatment with NT3 (Fig. 2C).
These results were quantified by counting TUNEL-
positive cells in the L2 DRG on both sides of experimental
embryos. As shown in Fig. 3, in saline-treated embryos,
motor neuron deletion resulted in a significant increase
(P  0.05; Student’s t test) in sensory neuron death on the
deleted side as compared with the contralateral side. This
increase in cell death was eliminated by two daily treat-
ments with NT3, which reduced cell death on both sides
and eliminated the difference between the two sides. These
results indicate that the misrouting of sensory axons away
from muscle promotes cell death in the early differentiating
population of sensory neurons and demonstrate that exog-
enous NT3 can enhance the survival of some of these
neurons.
Motor Neuron Deletion Increases the Number of
trkC Afferents with Cutaneous Projections
In normal chick embryos, the skin is innervated by a
relatively small population of trkC sensory neurons by
the end of the cell death period (E10). In contrast, many
trkC muscle afferents supply muscles at this stage (Oak-
ley et al., 1995, 2000). Thus, if motor neuron deletion
caused the misrouting of sensory axons away from muscles,
this manipulation would be expected to increase the popu-
lation of trkC afferents that project in cutaneous nerves,
provided that these neurons receive trophic support. We
therefore analyzed these experimental embryos at the end
of the cell death period (E10–E11) using retrograde labeling
in combination with immunohistochemistry for trkC.
Motor neuron deletion alone did not alter the number of
trkC neurons that project in cutaneous nerves. As previ-
ously reported for normal embryos, only a few trkC
cutaneous afferents were detected on both the deleted side
(Fig. 4A) and contralateral side (Fig. 5) of saline-treated
embryos after retrograde labeling from the LFC. Thus, the
deletion of most motor neurons does not result in more
trkC neurons projecting to the skin in the absence of
enhanced trophic support. On the contralateral side of
experimental embryos, exogenous NT3 caused a modest
increase in the population of trkC neurons that project to
the skin (compare Fig. 4A with 4B; see Fig. 5). This increase
is similar to that reported for unmanipulated, NT3-treated
embryos (Oakley et al., 2000).
In contrast, many trkC sensory neurons project in the
LFC on the deleted side of NT3-treated embryos. As shown
in Fig. 4C, treatment with exogenous NT3 leads to a
substantial increase in the number of trkC neurons that
project to the skin on the deleted side. A quantitative
analysis of these results is illustrated in Fig. 5. On the
deleted side, NT3 treatment leads to a significant increase
in the number of trkC neurons that project to the skin as
compared with the contralateral side (P  0.001; Student’s
t test). Although both sides received the NT3 treatment, the
combination of the motor neuron deletion and NT3 treat-
ment produces significantly more trkC neurons with
cutaneous projections. This represents a 2-fold increase in
the number of trkC neurons that project in this cutaneous
nerve on the deleted side. Thus, on average, 62 additional
trkC neurons projected to the skin on the deleted side of
NT3-treated embryos. Using the same retrograde labeling
and counting technique, we estimate that the pool of
neurons that normally innervates the sartorious muscle at
the end of the cell death period consists of approximately 74
trkC neurons (n  5). These results therefore suggest that
the majority of the trkC neurons that normally supply the
sartorious muscle have been misrouted to the LFC by the
motor neuron deletion. These results, together with our
results on sensory neuron apoptosis, suggest that the motor
neuron deletion caused the misrouting of sensory axons
away from developing muscles to the skin and that some of
these afferents were rescued from cell death by exogenous
NT3.
The NT3 treatment did not promote the branching of
sensory axons into multiple peripheral nerves. To be certain
that the extra trkC neurons that project to the skin did
not also have axonal projections to other muscles via the
remaining muscle nerves, an additional retrograde labeling
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experiment was carried out on the deleted side of NT3-
treated embryos. We injected the LFC with rhodamine
dextran and all of the remaining muscle nerves derived
from the anterior plexus (including the connective to the
posterior plexus when present) with a green fluorescent
dextran. Although this procedure labeled hundreds of sen-
sory neurons either green or red in each preparation, no
double-labeled cells were detected in any of five prepara-
tions. We therefore conclude that it is highly unlikely that
the extra trkC neurons that project in cutaneous nerves
also have projections to muscle.
Misrouted Muscle Afferents Have Central
Projections Typical of Proprioceptive Afferents
To determine whether the neurons rescued by NT3 after
motor neuron deletion have other characteristics of muscle
afferents, we used transganglionic labeling to examine their
central projections. Labeling from the LFC on the contralat-
eral side of NT3-treated embryos revealed two distinct
zones of fiber projections in the medial and lateral dorsal
horn (Figs. 6A–6C). These projections are very similar to
the normal pattern of cutaneous afferent projections to the
dorsal horn (Woodbury and Scott, 1991; Eide and Glover,
1997) and were also detected on both sides of saline-treated
embryos (data not shown). Thus, NT3 treatment did not
alter the normal pattern of cutaneous projection on the
contralateral side as previously reported for unoperated
embryos (Oakley et al., 2000).
On the deleted side of NT3-treated embryos, an addi-
tional set of afferent fibers was detected after transgangli-
onic labeling from the same cutaneous nerve (Figs. 6D–6F).
In addition to the normal pattern of cutaneous projections
to the medial and lateral dorsal horn, we detected fibers
with a pattern of growth that is typical of proprioceptive
afferents (Figs. 6E and 6F). These labeled fibers grew in a
lateral-to-medial trajectory through the dorsal white matter
and formed collateral branches that extended into medial
intermediate zone and to more ventral layers of the spinal
cord. In all NT3-treated embryos (n  8), many labeled
collaterals were detected in the medial intermediate zone
and at least some labeled fibers were detected in the more
ventral spinal cord on the deleted side. No labeled fibers
were detected in the medial intermediate zone or in the
ventral spinal cord on the contralateral side of these em-
bryos (compare Fig. 6C with 6F). A few labeled fibers were
detected in the medial intermediate zone on the deleted
side of several saline-treated embryos (data not shown).
Therefore, on the deleted side of NT3-treated embryos,
some of the sensory neurons that project to the skin also
have central projections to territories normally occupied by
the collateral branches of proprioceptive afferents (see Eide
and Glover, 1997; Sharma and Frank, 1998; Oakley et al.,
2000; Arber et al., 2000).
To further characterize the effects of motor neuron dele-
tion on the central projections of sensory neurons, we also
examined trkA and trkC receptor localization on these
afferent fibers. On the deleted side of NT3-treated embryos
(Fig. 7), TrkC fibers extend in a lateral-to-medial trajec-
tory through the dorsal white matter and form extensive
collaterals within the medial intermediate zone (Fig. 7A).
This pattern of collateralization is thus quite similar to that
detected with transganglionic labeling from the LFC on the
deleted side of NT3-treated embryos (compare Fig. 6F with
7A). However, few trkC fibers actually reached the most
ventral layers of the spinal cord on the deleted side. More
extensive ventral growth of trkC collaterals was detected
on the contralateral side (not shown). In contrast, trkA
fibers extend along the more lateral aspect of the dorsal
spinal cord and produce collaterals in the lateral layers of
the dorsal horn (Fig. 7B). An essentially identical pattern of
trkA projections was also detected on the contralateral
side of NT3-treated embryos and on both sides of saline-
treated control embryos (data not shown). No trkA fibers
were detected in the medial intermediate zone on the
deleted side of any of the experimental embryos examined
(n 5, saline-treated; n 5, NT3-treated). Thus, trkA and
trkC fibers project to distinct territories within the spinal
cord even after motor neuron deletion. The overall pattern
of sensory fiber collateralization was therefore very similar
to that seen in normal embryos (Oakley et al., 1997; Rifkin
et al., 2000).
FIG. 3. Motor neuron deletion increases cell death in the devel-
oping DRG. TUNEL DRG cells were counted in lumbar segment
2, on the side of the ventral neural tube deletion and on the
contralateral side. To control for age-related variations in the
absolute number of dying cells, the data are expressed as a percent
of the contralateral side. In saline-treated embryos (control), motor
neuron deletion caused a significant increase in cell death on the
deleted side (*, P 0.05; Student’s t test; n 7 for each group). NT3
treatment reduced cell death on both sides and eliminated the
difference between the two sides.
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DISCUSSION
The experiments described here support a model of sen-
sory neuron development in which proprioceptive neurons
normally acquire their general identity during early ganglio-
genesis, prior to axonal outgrowth (Fig. 8A). Previous stud-
ies have shown that sensory neurons require the guidance
of motor axons in order to invade muscle targets (Land-
messer and Honig, 1986; Swanson and Lewis, 1986; Scott,
1988; Tosney and Hageman, 1989; also see Wang and Scott,
1999). Here, we have partially eliminated the guidance
normally provided by motor axons and promoted the sur-
vival of putative muscle afferents with exogenous NT3. By
neurons) identifies skin-projecting neurons and immunohisto-
chemistry identifies trkC neurons (green) in E10–E11 embryos.
(A) As in normal embryos, a small subpopulation of cutaneous
neurons express trkC (arrows) on the deleted side of saline-treated
embryos. (B) NT3 treatment produces a small increase in the
population of trkC cutaneous neurons (arrows) on the contralat-
eral side. (C) In contrast, many more trkC neurons (arrows)
project to the skin on the deleted side after NT3 treatment. For ease
of comparison, some images have been flipped horizontally so that
dorsal is up and medial is to the left for all. Calibration bar is 100
m.
FIG. 4. Motor neuron deletion increases the number of trkC
neurons that project in cutaneous nerves in NT3-treated embryos.
Retrograde labeling from the lateral femoral cutaneous nerve (red
FIG. 5. The combination of motor neuron deletion and NT3
treatment results in more trkC neurons projecting to the skin
than does NT3 treatment alone. Quantitative analysis of trkC
neurons that project in the lateral femoral cutaneous nerve in
saline (control) and NT3-treated embryos. As in normal embryos,
NT3 treatment leads to a twofold increase in trkC cutaneous
neurons on the contralateral side. In the same embryos, motor
neuron deletion leads to a significant increase in trkC neurons
that project to the skin when compared with the contralateral side
(*, P  0.001; Student’s t test; n  8).
262 Oakley and Karpinski
© 2002 Elsevier Science (USA). All rights reserved.
analyzing the phenotype of these neurons, we show that
they are indeed proprioceptive afferents in that they express
trkC and make projections to the more ventral layers of the
spinal cord. Some of these neurons thus differentiate as
proprioceptive afferents and retain this identity, despite
having projected to cutaneous targets (Fig. 8B). These re-
FIG. 6. Transganglionic labeling from a cutaneous nerve reveals central projections typical of proprioceptive neurons on the deleted side
of NT3-treated embryos. (A–C) Transganglionic labeling from the lateral femoral cutaneous nerve on the contralateral side in transverse
sections of the spinal cord from an NT3-treated embryo. (D–F) Similar labeling from the same nerve on the deleted side of an NT3-treated
embryo. (A, D) Phase contrast images of the sections shown in (B) and (E), respectively. (C, F) Tracings in which the labeled fibers from six
serial sections have been plotted onto representative sections. On the contralateral side (B, C), labeled fibers formed collateral branches in
the medial (M) and lateral (L) dorsal horn. These fibers were entirely confined to the dorsal horn and did not invade the medial intermediate
zone (MIZ) or the ventral spinal cord. On the deleted side (E, F), labeled fibers were also detected in the medial (M) and lateral (L) dorsal
horn. In addition, fibers from proprioceptive afferents were detected. These labeled fibers extend in a lateral to medial direction through the
dorsal white matter (arrowhead). Many of these fibers produced collaterals within the medial intermediate zone (MIZ) and other more
ventral layers of the spinal cord (arrowheads in F), normal targets of proprioceptive afferents. For ease of comparison, the images in (D–F)
have been flipped horizontally so that medial is to the right for all. MN, motor neurons; FP, floor plate. Calibration bar is 100 m.
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sults demonstrate that the proprioceptive afferent pheno-
type is independent of peripheral target innervation. They
further imply that the proprioceptive phenotype is deter-
mined before sensory axons reach their peripheral targets,
probably prior to axon outgrowth.
Motor Neuron Deletion Misroutes the Axons of
Muscle Sensory Neurons to the Skin
In the absence of motor axons, sensory axons fail to
invade muscle (Landmesser and Honig, 1986; Swanson and
Lewis, 1986; Scott, 1988; Tosney and Hageman, 1989; also
see Wang and Scott, 1999). Moreover, ultrastructural stud-
ies have shown that a subpopulation of sensory growth
cones fasciculate with motor axons during their outgrowth
to muscle (Xue and Honig, 1999). Landmesser and Honig
(1986) found that motor neuron deletion also leads to the
transient enlargement of cutaneous nerves. Because this
effect was only obvious before the end of the cell death
period, they suggested that sensory axons had been
misrouted away from muscle to the skin and were then
eliminated by cell death. Three lines of evidence presented
here confirm this interpretation. First, we found that fol-
lowing motor neuron deletion, the LFC nerve was always
larger on the deleted side in NT3-treated embryos. Second,
retrograde labeling following this surgery confirmed that
more trkC neurons project to the skin on the deleted side
of NT3-treated embryos. Finally, we show that in saline-
treated embryos, motor neuron deletion enhances sensory
neuron death on the deleted side and NT3 treatment
rescues some of these neurons. These results strongly
support the hypothesis that, in the absence of motor axons,
sensory axons that would normally grow to muscle are
misrouted to the skin and that the survival of some of these
sensory neurons can be promoted by NT3.
Proprioceptive Afferents Differentiate Despite
Projecting to Cutaneous Targets
Our results demonstrate that at least some of the neurons
whose axons were misrouted to the skin had already been
determined to be trkC proprioceptive afferents. In normal
chick embryos, a relatively small number of trkC sensory
neurons innervate the skin. In contrast, most of the pro-
prioceptive neurons that innervate muscle are trkC. Both
of these populations are increased approximately twofold
by treatment with exogenous NT3 (Oakley et al., 1995,
2000). This pattern of differential trkC expression is estab-
lished by E10, although many types of sensory neurons
express this receptor at earlier stages of development. Here,
we show that by partially eliminating the guidance nor-
mally provided by motor axons, more trkC afferents
project to the skin on the deleted side of NT3-treated
embryos. Thus, the combined effect of the NT3 treatment
and motor neuron deletion results in a twofold increase in
the number of trkC neurons projecting to the skin. These
results support the idea that proprioceptive afferents were
misrouted to the skin and that their survival was enhanced
by the exogenous NT3. They also suggest that these pro-
prioceptive afferents retain their identity as trkC neurons,
despite projecting to inappropriate (cutaneous) targets.
An alternative interpretation of these results could be
that the NT3 treatment altered the normal temporal pat-
tern of trkC expression in sensory neurons. For example,
there is some evidence that NT3 can increase the expres-
sion of trkC mRNA in vitro (Wyatt et al., 1999). In our
experiments, the NT3 treatment is systemic and should
therefore influence both sides equally. However, the effect
on the number of trkC neurons is remarkably sided, with
a significantly greater influence on the deleted side. Con-
sidering the other evidence provided here, we strongly favor
the conclusion that the motor neuron deletion altered the
peripheral projections of sensory neurons that were already
determined to be trkC muscle afferents.
To further characterize the phenotype of these neurons,
we examined their central projections using transganglionic
labeling from the enlarged cutaneous nerves. This analysis
showed that at least some of these neurons had central
projections typical of proprioceptive afferents. These pro-
jections were detected only on the deleted side of NT3-
treated embryos. Transganglionic labeling from what is
normally a purely cutaneous nerve revealed projections to
the more ventral layers of the spinal cord on the deleted
side. These included projections to the medial intermediate
zone and to the vicinity of motor neurons, both character-
istic targets of proprioceptive afferents, but not of cutane-
ous afferents. Labeled fibers were not detected in these
positions on the contralateral side of the same embryos
after transganglionic labeling from the same cutaneous
nerve. The fibers in the medial intermediate zone may
represent collaterals of group1b proprioceptive afferents,
including those to Clark’s column, or collaterals of muscle
spindle afferents or both. The projections to the vicinity of
motor neurons are undoubtedly the collaterals of muscle
spindle afferents (Mendelson et al., 1992; Ozaki and Snider,
1997; Yamamoto et al., 2000; Arber et al., 2000; reviewed
by Willis and Coggeshall, 1991; Fyffe, 1992). The central
projections of cutaneous neurons do not invade these layers
either in normal animals (Woodbury and Scott, 1991; Men-
delson et al., 1992; Eide and Glover; 1997; Ozaki and Snider;
1997) or in NT3-treated chick embryos (Oakley et al., 2000).
However, a few labeled fibers were detected in the more
ventral layers of the spinal cord on the deleted side of
saline-treated embryos. We suggest that these fibers origi-
nate from a small number of proprioceptive neurons whose
axons were misrouted to the skin by the surgery but
successfully competed for endogenous sources of trophic
support in the cutaneous periphery. Thus, the ventrally
directed fibers detected in our transganglionic labeling
experiments identify sensory neurons that projected to the
skin, yet also have spinal projections that are characteristic
of proprioceptive afferents.
A potential problem with this interpretation is that
cutaneous afferent collaterals are thought to be selectively
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repelled by semaphorins, which are produced by motor
neurons and other cells within the ventral spinal cord
(Fitzgerald et al., 1993; Messersmith et al., 1995; Shepherd
et al., 1997; Fu et al., 2000). Thus, motor neuron deletion
might remove this inhibitory influence and allow cutane-
ous afferents to project to the ventral cord. To rule out the
possibility that motor neuron deletion altered the normal
pattern of cutaneous collateralization, we also examined
the projections of different sensory populations using anti-
bodies to trk receptors. Using antibodies to trkA to detect
the majority of cutaneous projections, we found that, even
after motor neuron deletion, these fibers were confined to
the superficial layers of the dorsal horn as in normal
embryos. In contrast, we detected trkC fibers in spatially
distinct areas, including the medial intermediate zone and
in the more ventral layers of the spinal cord, as in normal
embryos (Oakley et al., 1997; Rifkin et al., 2000). These
results indicate that motor neuron deletion by itself did not
substantially alter the overall pattern of cutaneous collat-
eralization. Taken together, our results strongly support the
conclusion that the ventrally directed fibers detected by
transganglionic labeling after motor neuron deletion are
indeed the central collaterals of proprioceptive afferents.
Using transganglionic labeling from cutaneous nerves,
we detected many labeled fibers within the medial inter-
mediate zone in these preparations, whereas fewer collater-
als were detected in the vicinity of motor neurons. This
result suggests that proprioceptive afferents may normally
require either motor neuron-derived signals or signals from
muscle to stimulate further ventral collateralization. How-
ever, we also observed essentially the same pattern of
truncated projections using trkC labeling. Since trkC
should label proprioceptive afferents that have either
muscle or cutaneous targets in these preparations, it seems
likely that the lack of extensive collateralization in the
ventral horn is due to the absence of a motor neuron-
derived signal rather than the lack of muscle targets in the
periphery. One potential motor neuron-derived signal for
collateral branching is NT3 (Shecterson and Bothwell,
1992; Zhang et al., 1994; Ringstedt et al., 1997; Lentz et al.,
1999). Alternatively, motor neuron deletion may disrupt
the distribution ligands for the F11 cell adhesion molecule,
FIG. 7. trkC and trkA fibers form distinct central projection patterns after neural tube deletions. Alternate sections from the deleted side
of the spinal cord from an NT3-treated embryo stained for trkC (A) or trkA (B). (A) TrkC-positive fibers enter in the dorsal root (dr) and
extend across the dorsal surface of the white matter (arrow) to form collaterals in medial dorsal horn (M) and in the more ventral layers of
the medial intermediate zone (MIZ). Note that few collaterals extend further ventral in embryos with motor neuron deletions. (B)
TrkA-positive fibers form a distinct set of projections that originate in the lateral white matter and form collateral branches in the lateral
gray matter. Few if any trkA-positive collaterals enter the medial intermediate zone (MIZ) but are instead found mainly in the lateral dorsal
horn (L). Medial is to the right as in Fig. 6. Calibration bar is 100 m.
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which have recently been implicated in the guidance of
proprioceptive collaterals to the ventral horn (Perrin et al.,
2001).
Timing and Mechanisms of Sensory Neuron
Specification
The results reported here demonstrate that the proprio-
ceptive phenotype is determined prior to target innervation
and perhaps even before axon outgrowth. Several lines of
evidence suggest that sensory neurons may acquire some
aspects of their identity prior to axon outgrowth. First,
culture studies have shown that early sensory neurons or
even their dividing precursors can develop a number of
identifying characteristics in vitro, without target-derived
signals (Hall et al., 1997; Greenwood et al., 1999). Second,
the peripheral axons of muscle and cutaneous afferents
appear to segregate from each other during early stages of
development, with some sensory axons directly contacting
motor axons (Honig et al., 1998; Xue and Honig, 1999).
Finally, previous work using chronic NT3 to promote the
survival of all responsive neurons has shown that sensory
axons do not randomly innervate peripheral targets, sug-
gesting an early recognition of appropriate guidance cues
(Oakley et al., 2000). These results together with those
presented here strongly suggest that the growth cones of
FIG. 8. A model of sensory neuron development. Our current results support a model in which proprioceptive afferents (red) and
cutaneous afferents (blue) acquire specific identities prior to axon outgrowth. (A) During normal development, the axons of proprioceptive
afferents are guided to muscle targets by selective interactions with motor axons (purple). (B) In the absence of guidance by motor axons,
proprioceptive axons extend to the skin with cutaneous axons. In saline-treated embryos, these neurons are eliminated by excess cell death.
When exogenous NT3 is provided, these misguided neurons survive and retain their identity as proprioceptive afferents. This results in
more trkC afferents with cutaneous projections and with central projections that are typical of proprioceptive afferents.
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determined proprioceptive afferents may selectively fas-
ciculate with motor neurons during the earliest phases of
sensory axon outgrowth.
Although the experiments reported here define the time
frame during which proprioceptive afferents acquire their
general identity, they do not directly address the mecha-
nisms of specification. Because these neurons are also
thought to require muscle-specific signals, which further
define their identity in terms of synaptic partners (Frank
and Westerfield, 1982; Smith and Frank, 1987; Wenner and
Frank, 1995; Lin et al., 1998), our results support the notion
that sensory neuron specification is a multistep process,
with different levels of specification being determined at
different times during development (Oakley et al., 2000).
We suggest that a general class of proprioceptive afferents is
defined by early events during gangliogenesis and that
muscle-derived signals act on these partially specified neu-
rons to define their choice of synaptic partners.
What types of early events might contribute to the
specification of a general class of proprioceptive afferents?
Neurotrophin signaling is known to influence both early
and later developing phenotypic characteristics of sensory
neurons (Sieber-Blum, 1991; Ritter and Mendell, 1992;
Lewin et al., 1992; Lewin, 1996; Lewin and Barde, 1996;
Patel et al., 2000) and may therefore be involved in specifi-
cation events. We cannot formally rule out the possibility
that NT3 stimulation itself acts as an instructive signal for
proprioceptive afferents. For example, NT3 is produced by
both the muscle targets of proprioceptive afferents and
within the mesenchyme surrounding the early developing
DRG (Farin˜as et al., 1996). However, during early ganglio-
genesis, many sensory neurons are trkC and would likely
respond to NT3 (Farin˜as et al., 1996; Rifkin et al., 2000). It
is therefore unclear how this signal could lead to the
specification of the minority of cells that become proprio-
ceptive afferents. In addition, at least some of the proprio-
ceptive afferents of the trigeminal mesencephalic nucleus
can develop in the absence of trkC activation by NT3 (Fan
et al., 2000; Matsuo et al., 2000). Moreover, Snider and
colleagues have recently shown that sensory neurons with
some characteristics of proprioceptive afferents (trkC and
parvalbumin expression) can develop in the complete ab-
sence of NT3 signaling if survival is ensured by genetic
deletion of Bax, a proapoptotic member of the bcl-2 family
(Patel et al., 2000). It therefore seems unlikely that NT3
signaling is required for the specification of proprioceptive
afferents, in addition to being required for their survival. We
suggest that other signals within the local environment of
the developing DRG are required for the specification of
these afferents and for the diversification of sensory popu-
lations. Regardless of the signals involved in defining the
proprioceptive phenotype, our results demonstrate that this
fate is determined prior to target innervation. It will there-
fore be essential to identify unique early markers for this
important class of sensory neurons in order to discover the
mechanisms responsible for their specification.
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